As judged by the American College of Radiology Appropriateness Criteria, renal Doppler ultrasonography is the most appropriate imaging test in the evaluation of AKI and has the highest level of recommendation. Unfortunately, nephrologists are rarely specifically trained in ultrasonography technique and interpretation, and important clinical information obtained from renal ultrasonography may not be appreciated. In this review, the strengths and limitations of grayscale ultrasonography in the evaluation of patients with AKI will be discussed with attention to its use for (1) assessment of intrinsic causes of AKI, (2) distinguishing acute from chronic kidney diseases, and (3) detection of obstruction. The use of Doppler imaging and the resistive index in patients with AKI will be reviewed with attention to its use for (1) predicting the development of AKI, (2) predicting the prognosis of AKI, and (3) distinguishing prerenal azotemia from intrinsic AKI. Finally, pediatric considerations in the use of ultrasonography in AKI will be reviewed.
Introduction
Renal ultrasonography is typically the most appropriate and useful radiologic test in the evaluation of patients with AKI (1) . In this report, we review the interpretation of Doppler ultrasonography in adult and pediatric patients with AKI, with attention to its most appropriate uses, which include (1) the assessment of intrinsic causes of AKI, (2) distinguishing acute from chronic kidney diseases, and (3) detection of obstruction.
Use of Specific Parameters Obtained from Ultrasonography and Their Interpretation Echoes and Echogenicity
Proper interpretation of ultrasonography images depends on a basic understanding of how ultrasonography images are generated. For diagnostic ultrasonography, high-frequency sound waves are generated and received by the ultrasonography transducer, which is placed on the skin. Returning sound waves (echoes) are processed by a computer and displayed on a computer screen. A gray-scale image is produced when the ultrasonography machine operates in B-mode, or brightness mode, in which returning echoes are represented as bright dots; the brightness of the dots represents the strength of the reflected echoes. Echogenicity, therefore, refers to how bright or dark something appears in the gray-scale image; the brighter something appears, the more echogenic it is. With regard to the kidney, echogenicity generally refers to how bright or dark the kidney parenchyma appears in comparison to the liver.
Normally, something that reflects most of the sound waves back will appear the brightest (i.e., white); for example, fat and fibrous tissue are very echogenic and are therefore some of the brightest-appearing structures on ultrasonography images. The renal capsule consists of thin fibrous tissue, which is next to fat, and thus the kidney often appears to be surrounded by a very bright rim on ultrasonography when there is a difference of acoustic impedance relative to the adjacent tissues. Solid organs, such as the liver and spleen, have intermediate echogenicity, and the kidney parenchyma, consisting of the cortex and medulla, is normally isoechoic (equal in brightness) or hypoechoic (darker) compared with the normal liver (2-4) or normal spleen. Thus, liver and spleen echogenicity must be normal for comparison to be valid; in particular, fatty infiltration of the liver can increase its echogenicity, making evaluation of the echogenicity of the right kidney more difficult. The cortex and medulla of the kidney generally have the same echogenicity, although the medulla may be slightly darker (5,6); both kidneys should have similar echogenicity to each other. The renal sinus in the center of the kidney contains fibro-fatty tissue and thus appears very bright relative to the kidney parenchyma. Bland fluid (e.g., simple cysts), urine, and blood are anechoic (black); therefore, the medullary pyramids, which contain urine in parallel tubules, appear as dark pools between the cortex and renal sinus. (See Figure 1 for the normal echogenic appearance of the capsule, parenchyma, medullary pyramids, and central renal sinus.) Blood clots in the urinary space will appear echogenic compared with the surrounding fluid; relative to the renal parenchyma, an acute clot is hypoechoic, while subacute and chronic clots are echogenic (brighter than renal parenchyma).
What Is the Significance of Echogenicity in AKI and Other Kidney Diseases? Increased echogenicity of the kidney parenchyma results from the increased presence of material that can reflect sound waves back, thus increasing its brightness on the ultrasonography image. Because fibrous tissue (e.g., glomerulosclerosis, interstitial fibrosis) increases echogenicity, CKD is typically associated with increased echogenicity. Inflammatory infiltrates may explain the increased echogenicity that occurs with acute interstitial nephritis and GN (7) . Proteinaceous casts are thought to cause the increased echogenicity associated with acute tubular necrosis (ATN) (8) . Calcium deposits and stones are very echogenic; thus, medullary nephrocalcinosis is characterized by increased medullary echogenicity and a relatively normal-appearing cortex (Figure 2 ). Several renal diseases are associated with medullary nephrocalcinosis, including medullary sponge kidney, hyperparathyroidism, renal tubular acidosis, and vitamin D toxicity (9, 10) . Other kidney diseases that have been associated with a hyperechoic medulla include sickle cell disease and gout (9) .
Cortical necrosis is a rare cause of AKI that is classically characterized by a dark, hypoechogenic renal cortex on ultrasonography. Cortical necrosis is a consequence of severe ischemia due to vascular abnormalities such as hemolytic-uremic syndrome, complications of pregnancy (e.g., eclampsia), or sepsis, which results in necrosis of tubular cells of the cortex; the necrotic cells and resultant increase in interstitial fluid cause the decrease in cortical echogenicity (11) .
Although clinically relevant kidney diseases may be present without changes in echogenicity, if increased parenchymal echogenicity is noted (echogenicity is greater than a normal liver) it is usually abnormal (except in neonates). For example, increased echogenicity was reported to have a 96% specificity (and 67% positive predictive value) for the presence of parenchymal kidney disease (3) .
Use of Increased Echogenicity to Distinguish AKI from CKD. Increased echogenicity may occur in AKI or CKD and cannot be used to reliably distinguish between the two. It is important to recognize, however, that in patients with CKD, it is unusual for kidney echogenicity to be less than that of the liver. In one study, for example, only 11% of patients with CKD (serum creatinine, 8 mg/dl) had kidney echogenicity that was less than liver echogenicity (2); of note, 30% of patients with AKI had kidney echogenicity that was less than liver echogenicity. Furthermore, when ultrasonography characteristics were directly compared with renal histopathology, the combination of small kidneys and increased cortical echogenicity correlated very well with chronic, untreatable kidney disease (12) . It should be noted, however, that diabetic kidney disease is one cause of CKD that may be associated with normal kidney echogenecity.
Use of Echogenicity to Distinguish among Different Causes of AKI. Many studies have attempted to determine whether echogenicity might be useful to distinguish among different forms of AKI. For example, it was originally reported that ischemic ATN might be characterized by normal or reduced echogenicity (presumably from edema), while nephrotoxic ATN was characterized by increased echogenicity (13) . Additional studies did not support this conclusion, and it is now clear that increased echogenicity may also occur with ischemic ATN (2) (see Figure 3A) . Increased echogenicity has been observed in several forms of AKI, including acute interstitial nephritis (possibly from increased inflammatory infiltrate), GN (possibly from vascular changes), multiple myeloma (Figure 4 ), HIV nephropathy, and obstruction (6, 14) . Decreased echogenicity may occur with renal infarcts and renal lymphoma (14) . Overall, changes in kidney echogenicity alone are unlikely to be useful for distinguishing among the different causes of AKI; however, in conjunction with kidney length and symptoms, certain disease may be more likely than others, as summarized in Table 1 .
Kidney Size
Although renal volume is the most accurate measure of renal size, kidney length is the most clinically useful measurement of kidney size because it is simple to obtain and minimally affected by interobserver variability (15) .
Kidney length is useful in the assessment of patient with AKI and may help distinguish AKI from CKD. Kidney length to distinguish between AKI and CKD has been prospectively evaluated; in a study of 127 patients with creatinine.3.0 mg/dl, right kidney length was 11.261.4 cm among those with AKI and significantly shorter in patients with CKD at 9.061.5 cm (2). Thus, small kidneys suggest the diagnosis of CKD; however, normal or increased kidney length may occur in either AKI or CKD. Large kidneys in AKI may result from infiltrative diseases (e.g., multiple myeloma, amyloidosis, lymphoma), acute parenchymal disorders due to edema and inflammation (e.g., acute GN [ Figure 5 , A and C], acute interstitial nephritis), and renal vein thrombosis due to obstruction of blood flow and subsequent edema.
Because kidney length is especially important in distinguishing AKI from CKD, a clear understanding of "normal" kidney length is important. Studies of kidney length have revealed the following: (1) normal kidney length is approximately 11 cm, with a normal range of 10-12 cm; (2) the left kidney is longer than the right by 0.3 cm; (3) women have smaller kidneys than men by 0.5 cm; (4) kidney sizes,10 cm are unusual in people younger than age 60 years, (5) kidney length decreases with age beginning at age 60 (see Table 2 ) (16, 17) . Thus, 9.5-cm kidneys probably represent CKD in a 30-year-old man but may be expected in an 80-year-old woman. It remains unknown whether kidney length "normally" Although baseline kidney size is often not known, if a change in kidney size .1 cm is detected relative to a prior study, it is unlikely to be due to interobserver variability (6).
decreases with aging or whether the decrease in kidney length represents the development of CKD. Kidney length also varies with height; when adjusted for height, the relative differences in kidney sizes between men and women are eliminated. In one study (18) , kidney size varied by weight and height according to the following formula: In addition to kidney length, assessment of the kidney parenchyma thickness is also useful to distinguish AKI from CKD. The kidney parenchyma includes the cortex (containing glomeruli) and the medulla; the cortex is normally about 1 cm (17, 19) , and the entire parenchyma is normally about 1.5 cm (16) . Thinning of the renal parenchyma or cortex commonly occurs in CKD and is a useful measure to identify CKD if it is present ( Figure 6 ); normal cortical thickness may occur in acute or chronic kidney disease. In one study, mean parenchymal thickness was 10.760.4 mm in CKD versus 13.860.3 mm in AKI and 13.661 mm in healthy controls (2) . Measurement of the cortical thickness can be affected by technique because the cortex may be thicker at the poles or in the region of a column of Bertin.
Doppler Ultrasonography and Resistive Index
Doppler imaging is used to assess the velocity of blood flow. Blood velocity is determined by computer interpretation of the magnitude of the frequency shift of the returning ultrasonography echoes of moving red blood cells and the Doppler equation. Resistive index (RI) is probably the most commonly used variable in Doppler imaging to evaluate blood flow in vessels. RI is very reproducible (20) when performed by a trained imager because the value is calculated as a ratio of two velocities obtained from the same transducer angle (in contrast to the importance of angle to assess renal artery stenosis in the main renal artery). In the kidney, RI is determined by assessing systolic and diastolic blood velocity in the segmental arteries and applying the following formula:
ðPeak systolic velocity À end diastolic velocityÞ =peak systolic velocity: Resistive index is determined by the following formula: (peak systolic velocity 2 end diastolic velocity)/(peak systolic velocity); in A and B, peak systolic velocity is indicated by the long yellow arrows, and end diastolic velocity is indicated by the short purple arrows. AO, aorta.
Because RI is a calculation of the relationship between systole and diastole, it is an indicator of the resistance to flow within the kidney. For example, if the resistive index is 0.9, then there is a large difference (i.e., a 90% drop) between systolic and diastolic blood flow that reflects an increased resistance to blood flow during diastole. If the RI is low, then renal vascular resistance is low. Normal RI is approximately 0.6 (ranging between 0.56 and 0.66), and in a study of 120 kidneys, only 3% had a mean RI.0.70 (20) (Figure 7A ). Increased RI can occur in both CKD and AKI, and, in general, higher levels of RI are associated with worse renal parenchymal damage and worse outcome. In patients with CKD, for example, an RI.0.70 was independently associated with worsening kidney function in patients with CKD at both 2 and 4 years of follow-up (21, 22) .
Several factors can influence RI independent of renal disease, including heart rate, vessel wall compliance, and systemic vascular resistance. Bradycardia increases the RI because there is more time for the diastolic flow to decrease; on the other hand, tachycardia does not allow the diastolic flow to fully decrease, thus lowering the RI (23). In patients with widespread atherosclerosis (24) or reduced vascular compliance in general (as in elderly patients [20] ), the renal RI may be increased even with normal kidney function. The influence of these factors needs to be considered to properly interpret renal RI; indeed, the potential utility of RI in AKI (discussed below) and kidney disease in general rests on a clear understanding of the renal and nonrenal factors that affect RI (25) .
Use of RI in AKI. RI may increase in several causes of AKI ( Figures 3B and Figures 7B) , including obstruction, acute rejection, hepatorenal syndrome ( Figure 8B ), and sepsis; the RI remains normal in prerenal azotemia and glomerular diseases ( Figure 5, B and D) . Studies suggest that RI may be a useful tool for predicting AKI, distinguishing ATN (or other parenchymal diseases) from prerenal azotemia, and predicting severity in AKI as summarized in Table 3 . Three studies (26) (27) (28) have examined the utility of RI to predict AKI; in these studies, RIs of 0.74, 0.74, and 0.71 were found to be useful cut-points to predict AKI 1-5 days after the RI measurement in patients after cardiac bypass requiring surgery, with septic shock, or in the intensive care unit (ICU) for trauma or sepsis, respectively; patients who did not develop AKI had initial RIs of 0.68, 0.68, and 0.66, respectively. In studies of RI in prerenal azotemia versus intrinsic AKI (29) (30) (31) , an RI$0.75 correlated well with the diagnosis of ATN, while prerenal azotemia was typically associated with an RI,0.71. Finally, RI may be able to predict recovery of AKI ( Figure  3B) ; patients with transient AKI had a median RI of 0.71, while patients with persistent AKI (lasting .3 days) had a median RI of 0.82 (11) . Given the keen interest in the development of biomarkers for early AKI, the clinical difficulty in distinguishing prerenal azotemia from intrinsic AKI, and the need for markers of severity of AKI, the role of RI in these setting merits further investigation and validation in larger clinical trials.
Use of Ultrasonography in Patients with AKI to Evaluate for Obstruction
Ultrasonography is the modality of choice to evaluate for the presence of obstruction, which accounts for 1%-3% of cases of AKI in the ICU (32) (33) (34) , approximately 15% of non-ICU AKI cases (34) , and approximately 10% of community-acquired AKI cases (35) . Obstruction is due to blockage anywhere in the urinary system, which interferes with proper urine flow; thus, clinically meaningful obstruction is typically associated with hydronephrosis (dilatation of the urinary collecting system from the accumulation of urine) as shown in Figures 9 and 10 . In fact, approximately 95% of patients with obstruction will have hydronephrosis on ultrasonography (36); sensitivity approaches 100% in patients with moderate to severe hydronephrosis (1). False-negative findings (obstruction without hydronephrosis) can occur in the following settings: retroperitoneal fibrosis/retroperitoneal tumors (due to the inability of the collecting system to dilate), prerenal states/volume depletion, and early obstruction (too early for dilatation to occur) (37) . False-positive results (hydronephrosis without obstruction) may occur in the following settings: pregnancy, vesicoureteral reflux, after relief of obstruction, megacystis-megaureter syndrome, full bladder, urinary tract infection, and brisk diuresis (as in nephrogenic diabetes insipidus) (6, 38) . Thus, when hydronephrosis is identified, tests to confirm the presence of true obstruction may need to be performed (e.g., diuretic renography, Doppler imaging for ureteral jets [ Figure 11] ). Studies suggest that clinical suspicion is a useful predictor of the presence of obstruction. In a retrospective analysis of 60 patients referred to ultrasonography for an increased creatinine level, Gottlieb et al. found that all of the patients with hydronephrosis had a clinical history suggestive of obstruction (39) . Extending these observations, Licurse et al. examined whether clinical measures could indeed be used to risk-stratify patients for likelihood of obstruction (40) . Although not validated in other centers, a clinical decision rule was developed and internally validated. In that study, 7 of 36 clinical variables were important in the assessment of obstruction, and a point system was devised: One point is awarded for the presence of any of the following: (1) nonblack race, (2) history of recurrent urinary tract infections (three in previous year), (3) diagnosis consistent with possible obstruction (benign prostatic hyperplasia, abdominal/pelvic cancer, neurogenic bladder, single functional kidney, or previous pelvic surgery), (4) no congestive heart failure, (5) no history of prerenal AKI, pressors, sepsis, or (6) no exposure to nephrotoxins. Four points are awarded for a history of hydronephrosis. Patients are divided into low, medium, and high risk if they had #2 points, 3 points, or $4 points, respectively. The prevalence of hydronephrosis was 3% in the low-risk group, 10.7% in the medium-risk group, and 16.1% in the high-risk group. Thus, 2 points or less helped predict a negative ultrasonography result for hydronephrosis 97% of the time.
The appropriate use of ultrasonography for the evaluation of AKI, with or without clinical suspicion of obstruction, has been vigorously debated. We and others (41) suggest that renal ultrasonography is particularly important in the evaluation of AKI if the diagnosis is unclear or the clinical course is not as expected. It is useful to note that the American College of Radiology (ACR) Appropriateness Criteria rating for the use of ultrasonography in AKI is a 9, the highest rating, indicating that its use in AKI is highly appropriate. The ACR Appropriateness Criteria are a compilation of evidence-based recommendations to aid in the selection of radiologic imaging for a variety of medical conditions. The web-based tool is available at http:// www.acr.org/Quality-Safety/Appropriateness-Criteria (or simply do a web search for "appropriateness criteria"); the site is searchable for a wide variety of topics, such as renal masses or abdominal pain. The appropriateness of imaging techniques (e.g., ultrasonography and magnetic resonance imaging) are ranked on a scale from 1 to 9 with the following interpretations: 1, 2, 3: usually not appropriate; 4, 5, 6: may be appropriate; 7, 8, 9: usually appropriate. The recommendations regarding ultrasonography (and other imaging techniques) for AKI may be found using the search term "acute renal failure." (Please note that the criteria for AKI are being updated with new recommendations anticipated soon).
Utility of Ultrasonography in Pediatric AKI
Ultrasonography is a critical imaging tool in the evaluation of AKI in children because it can help to exclude underlying chronic and/or congenital renal conditions, requires no radiation exposure, and is easily performed in children of all ages. Alternatively, computed tomography and magnetic resonance imaging often require sedation in children and are associated with concerns similar to those in adults with respect to contrast/gadolinium exposure in the setting of renal failure. Several caveats must be noted with respect to pediatric renal ultrasonography, however. Normal renal length and volume vary with body size, and individual imaging results must be compared with known norms (42) (43) (44) (45) (Table 4 ). More recent data suggest that renal length is related to numerous individual variables, including age, sex, race, height, and weight (42) . The appearance of the normal neonatal kidney by ultrasonography differs significantly from that of older children and adults, with relatively hyperechoic cortex and hypoechoic pyramids, little sinus fat, and frequent fetal lobulation (46) . The echogenicity of the renal cortex becomes more hypoechoic than liver by approximately 4-6 months of age. In younger children, prominent renal pyramids are easily mistaken for dilated calices or renal cysts. Norms for RI are age dependent, with the highest values noted at birth and increased normal values in preterm (0.8-0.9) versus term infants. Normal RI decreases during childhood, reaching typical adult values of ,0.7 by 4-5 years of age (47) . This is in large part due to the normal decrease in renal vascular resistance and increase in systemic BP that occur postnatally. As in adults, an important function of sonographic imaging in pediatric renal failure is to exclude CKD. Because most symptoms of pediatric CKD are nonspecific, detection of an increased serum creatinine concentration during acute illness does not necessarily signify AKI. Renal ultrasonography is valuable for detecting previously undiagnosed chronic renal conditions, such as congenital hypoplasia/dysplasia, cystic disease, or urinary tract dilation Figure 11 . | Hydronephrosis without functional obstruction. Grayscale and color Doppler ultrasonogram of a 59-year-old woman with right flank pain demonstrate mild right hydronephrosis (A) and hydroureter (yellow arrow) (B) ureteric jet (C) (white arrow) in the bladder. No calculus was seen on computed tomography of the kidneys, ureters, and bladder done at the same time. Thus, this likely represents a recently passed calculus or vesico-ureteric reflux and hydronephrosis without functional obstruction is present. (C) The utility of Doppler imaging to assess for functional obstruction by assessing the ureteric jet. When the bolus of urine being transmitted through the ureter reaches the terminal portion, it is ejected forcefully into the bladder through the vesicoureteric junction. This creates a jet of urine that can be seen within the urinary bladder on grayscale and color Doppler ultrasonography (white arrow; jet appears red). LNG, longitudinal; MED, medial. Renal ultrasonography also has utility in the differentiation of prerenal, intrinsic, and postrenal causes of AKI. With prerenal azotemia, ultrasonography may demonstrate normal-appearing to edematous diffusely hyperechoic kidneys with perfusion alterations, such as decreased flow velocity with normal to increased RI, flattened systolic flow curves, or delayed systolic flow acceleration (48) . In ATN, the kidneys may be symmetrically enlarged with variable echogenicity and increased RI. Gheisari and Haghighi used renal Doppler ultrasonography to differentiate prerenal azotemia from ATN in 50 oligoanuric children age 1 month-15 years (mean, 9 years) with AKI who were referred to a tertiary care center (30) . Imaging was performed within 24 hours of admission and when oligoanuria had resolved. The mean RI was higher in patients with ATN than in those with prerenal azotemia (0.8260.07 versus 0.7660.06; P,0.01). The mean reduction in RI after treatment was also greater in patients with ATN (0.2660.01 versus 0.0460.0; P,0.01). The sensitivity and specificity of an RI $0.75 in differentiating prerenal failure and ATN were 91.3% and 85.2%, respectively. Further large-scale study is needed in this area.
Ultrasonography is less helpful in conditions of diffuse renal inflammation, such as GN or interstitial nephritis, with findings including normal to enlarged kidneys, variable corticomedullary differentiation, and normal to increased RI (48) . In pediatric hemolytic-uremic syndrome, ultrasonography demonstrates enlarged kidneys with hyperechoic cortex, increased corticomedullary differentiation, increased RI, and frequent reversal of diastolic flow (48, 49) . It has been suggested that normalization of flow as assessed by RI or flow volume may predict renal recovery (50) . More current studies with advanced imaging technology may be helpful to clarify the reliability of such measurements. Renal vein thrombosis occurs with increased frequency in neonates and in children with nephrotic syndrome and is readily diagnosed by Doppler ultrasonography (48) .
Postrenal AKI rarely occurs in children (51,52) but may not necessarily be anticipated on the basis of medical history, as with obstructive urolithiasis (53, 54) or intra-abdominal tumor resulting in urinary tract obstruction. As with adults, it is important to distinguish collecting system dilatation from obstructive hydronephrosis, particularly in children with underlying primary vesicoureteral reflux, chronic polyuria, or a lax collecting system, as is seen more commonly in neonates. Sonographic features observed more commonly with obstructive versus nonobstructive hydronephrosis in children include increased echogenicity, parenchymal rim measuring #5 mm, contralateral hypertrophy, RI ratio (ratio of the RI of the hydronephrotic kidney divided by the RI of the normal kidney) .1.1, and ureter diameter.10 mm (55) . Other studies have confirmed a role for the RI ratio to delineate obstruction in the setting of chronic hydronephrosis in children (56) .
Conclusion
In summary, ultrasonography is a useful tool in the evaluation of adult and pediatric patients with AKI for assessing obstruction, parenchymal evaluation, and distinguishing acute from chronic kidney diseases. With better understanding of the pathogenesis of certain causes of AKI, it is anticipated that renal ultrasonography may become an even more important tool in the assessment, management, and treatment of patients with AKI. 
